Innershell ionization of a 1s electron by either photons or electrons is important for X-ray photoionized objects such as active galactic nuclei and electron-ionized sources such as supernova remnants. Modeling and interpreting observations of such objects requires accurate predictions for the charge state distribution (CSD) which results as the 1s-hole system stabilizes. Due to the complexity of the complete stabilization process, few modern calculations exist and the community currently relies on 40-year-old atomic data. Here, we present a combined experimental and theoretical study for innershell photoionization of neutral atomic nitrogen for photon energies of 403 − 475 eV. Results are reported for the total ion yield cross section, for the branching ratios for formation of N + , N 2+ , and N 3+ , and for the average charge state. We find significant differences when comparing to the data currently available to the astrophysics community. For example, while the branching ratio to N 2+ is somewhat reduced, that for N + is greatly increased, and that to N 3+ , which was predicted not to be zero, grows to ≈ 10% at the higher photon energies studied. This work demonstrates some of the shortcomings in the theoretical CSD data base for innershell ionization and points the way for the improvements needed to more reliably model the role of innershell ionization of cosmic plasmas.
Introduction
Innershell ionization of a 1s electron by either photons or electrons can be an important process for a range of cosmic sources. These include X-ray photoionized objects such as active galactic nuclei or X-ray binaries (Kallman & Bautista 2001) , photoionization of interstellar dust grains (Dwek & Smith 1996) , and shock-driven gas such as in supernova remnants (Vink 2012) . The resulting 1s-hole system relaxes via a complicated cascade of fluorescence and/or Auger-ejected electrons. This process affects both the emitted spectrum of a source as well as the ionization structure of the gas.
Driven by the astrophysical importance of innershell ionization, Kaastra & Mewe (1993) carried out the first comprehensive study into the resulting fluorescence and Auger yields for all ionization stages of the elements from beryllium to zinc. These data are derived from theoretical calculations published between 1969-1972 using LS-coupling and a central field approximation.
The data are also presented using configuration-averaging, thereby providing no fine structure information for the fluorescence or Auger processes.
Given the understandable limitations of the Kaastra & Mewe (1993) data, in the past decade, there has been significant theoretical effort using relativistic LSJ methods to calculate the fluorescence yield due to an initial 1s hole (e.g., Bautista et al. 2003; Gorczyca et al. 2003; Palmeri et al. 2003a,b; Mendoza et al. 2004; García et al. 2005; Gorczyca et al. 2006; Hasoglu et al. 2006; Palmeri et al. 2008a,b; García et al. 2009; Palmeri et al. 2011 Palmeri et al. , 2012 . That work finds a number of differences with Kaastra & Mewe (1993) . For example, fluorescence channels which were thought to be closed There is far less theoretical work on the resulting charge state distribution. This is not surprising given the complexity of the complete stabilization process. Innershell ionization of iron, for example, can result in the ejection of up to 8 additional electrons (Kallman & Bautista 2001) . However, this multiple Auger process is often ignored by astrophysicists, probably because the needed state-of-the-art data are lacking. This omission likely hinders our astrophysical understanding of cosmic sources as multiple electron emission can dramatically change the predicted ionization structure of an astrophysical source, particularly in ionizing plasmas (Hahn & Savin 2015) .
To begin to address this matter, here we report a combined theoretical and experimental study into innershell photoionization on neutral atomic nitrogen. The rest of this paper is organized as follows. In Section 2 we briefly review the theoretical method used. The experimental method is presented in Section 3. The theoretical and experimental results are presented and discussed in Section 4 . Lastly, we give a summary of our findings in Section 5.
Theoretical Approach
Our photoionization calculations account for both the promotion of a 1s electron into the continuum and also resonant photoexcitation of a 1s electron. The former leads directly to ionization, but both processes contribute to the total ionization cross section through a sequential cascade of radiative and Auger transitions as the system relaxes. In addition we account for direct ionization of an electron from higher shells.
We have calculated energy levels, radiative and Auger transition probabilities, and photoionization cross sections using the Flexible Atomic Code (FAC), which employs the Dirac-Fock-Slater method (Gu 2008) . The total number of levels included is 3781. We used 1787 levels for N, 1470 for N + , 480 for N 2+ , and 44 for N 3+ . The necessary bound and continuum wavefunctions for each ion were calculated using the local central potential for the ground configuration. The wavefunctions are obtained separately for each charge state using self-consistent field procedures. As a result, the wavefunctions for different charge states are not orthogonal. The calculated photoionization cross sections and Auger transition rates involve using wavefunctions from different charge states.
The non-orthogonality of the wavefunctions for the different ionization states is expected to have only a small influence on these calculation. When calculating the relevant matrix elements, the additional terms introduced are small, often have different signs, and approximately cancel out when summed (Cowan 1981) . This is sometimes referred to as "compensation effects". The mixing of all configurations belonging to the same ionization stage is taken into account.
Level populations have been estimated in every step of the cascade process using (Palaudoux et al. 2010; Jonauskas et al. 2011 )
where N j is the population of level j, N i is the population of the initial level i, A ij is the Auger or radiative transition probability from i to j, and A i is the total decay rate of i, from both Auger and radiative transitions. The initial level populations due to photoionization and photoexcitation at a given photon energy have been obtained from the corresponding cross sections divided by the total cross section summing all processes at that energy.
At first we performed cascade calculations including all Auger and radiative transitions. Those calculations were time consuming and generated very large data files but demonstrated that the radiative cascade contribution to the ion yield is negligible. The fluorescence yield is less than 4%
for all configurations with a K-shell vacancy except for two levels of the 1s2s2p 3 with yields of about 9%. These small fluorescence yields result in autoionization branching ratios close to unity.
Hence, we have neglected radiative cascades in our subsequent calculations. This resulted in a reduced computation time and yielded smaller data files.
We also accounted for additional ionization due to the sudden change of the ion charge after photoionization, a process known as shake-off. For this we used the sudden perturbation approximation, which is expected to be valid for high energy photons when the resulting initial photoelectron leaves the system at high velocity and does not have time to interact with the remaining bound electrons. For an initial vacancy with principle quantum number n 0 and angular momentum l 0 , the probability P for ionization of an electron from the nl w shell, where w is the number of electrons in that shell, is given by (Jonauskas et al. 2009 )
K is the initial configuration of the system and the electrons from the nl shell are described by the -5 -radial wavefunction of |nl K . K ′ is the subsequent configuration produced by the vacancy in the n 0 l 0 shell and K ′′ results when an electron is removed from the nl shell of the K ′ configuration. For our work here n 0 l 0 = 1s. Equation (2) describes the rearrangement of the complex as it transitions from the K to K ′ system and additional electrons are shaken off. Here the shake-off probability is determined using the configuration-averaged approximation.
In order to obtain the level populations for the K ′′ configuration, we calculated the population transfer due to shake-off transitions using
Here
is the energy of the ground level of neutral atom, and H(x) is the Heaviside step function which ensures that only energetically possible shake-off transitions are taken into account. The summation is performed over all levels of the K ′ configuration.
Our calculated shake-off probability for the N + (1s 1 2s 2 2p 3 ) configuration, due to a forming a 1s vacancy in the initial N(1s 2 2s 2 2p 3 ) atom, is 17% for transition to a N 2+ (1s 1 2s 2 2p 2 ) configuration and 6% for transition to N 2+ (1s 1 2s 1 2p 3 ) configuration. Either of these two configurations can further decay through Auger transitions to form N 3+ . This is the only pathway to forming N 3+ through photoionization of N as the direct triple photoionization is expected to be unimportant.
Experimental Method
The measurements were performed on the undulator beamline 8.0.1.3 at the Advanced Light Source located at Lawrence Berkeley National Laboratory, in Berkeley, CA, USA. The basic experimental setup has been previously described in Stolte et al. (2008) , as has the method used to generate atomic species (Sant'Anna et al. 2011) , which is similar to that used for the creation of atomic chlorine ) and atomic oxygen (Stolte et al. 1997; McLaughlin et al. 2013 ).
In short, atomic N was generated by flowing commercially obtained 99.9995% pure gaseous N 2 through a microwave discharge cavity. The products of this nitrogen plasma were a mixture of atoms and molecules in ground and excited states. A combination of a fast gas flow rate with teflon and phosphorus pentoxide coatings on the flow tubes, in addition to tubing shape and discharge distance, reduced wall recombination effects and strongly quenched nitrogen atoms created in the
. A final enhancement was the addition of a constant magnetic field, satisfying the electron-cyclotron resonance condition, being perpendicularly superimposed on the the 2.45 GHz electric field of the microwave cavity. The resulting mixture of 1s 2 2s 2 2p 3 [ 4 S o ] ground-state nitrogen atoms and molecular N 2 were constrained to flow through a small orifice of 0.5 mm diameter before entering the interaction region to interact with the X-rays.
Partial ion yields were measured using the method described in the references above and includes a mixture of contributions from both ground-state atomic N and molecular N 2 . Although we eventually subtract it out, the presence of a molecular signal within our spectra provides an excellent internal energy calibration (Chen et al. 1989; Semenov et al. 2006) . The cross section, σ q+ (E), as a function of photon energy, E, for photoionization of atomic nitrogen to an ion of charge +q can be obtained from (Samson & Pareek 1985) 
where I q+ on and I q+ off are normalized ion yields measured as a function of photon energy with the microwave discharge on or off, respectively. C q+ is a constant dependent on the number density of nitrogen atoms and the ion-collection efficiency of the apparatus. Absolute data for single and multiple photoionization of N 2 from Stolte et al. (1998) were used to determine values for the constants C q+ . The parameter f = ρ(N on 2 )/ρ(N off 2 ) represents the fraction of N 2 molecules which do not dissociate in the discharge, with ρ(N on 2 ) and ρ(N off 2 ) being number densities of N 2 with the microwave discharge on or off, respectively. The value of f is empirically chosen to eliminate the molecular peaks from the measured ion yields via a weighted subtraction (Samson et al. 1986; Samson & Angel 1990; Stolte et al. 1997 ). As noted above, the dissociation fraction is 1 − f , or approximately 4% here. Finally, the collection efficiency for each ion N q+ produced by photoion-ization of atomic nitrogen was assumed to be equal to the collection efficiency of the same N q+ generated by dissociative photoionization of N 2 .
Results and Discussion
In Figure 1 we present our measured and theoretical cross sections for the total ionization yield (TIY) between 408 − 420 eV, which is near the the 1s-ionization threshold. Using our experimental and theoretical results, we have computed the branching ratio for forming N q+ relative to the total atomic ion yield. Figure 2 shows our results over the larger energy range of 410−475 eV. Also shown in these figures are the experimental cross section results of Henke et al. (1993) and the theoretical branching ratio results of Kaastra & Mewe (1993) . In Table 1 we present our experimental and theoretical total photoionization cross sections along with the experimental results of Henke et al. (1993) . Table 2 presents the branching ratio data at selected photon energies, along with the average final charge state, which is also shown in Figure 3 .
Comparing our experimental TIY cross section data to that of Henke et al. (1993) , we find a significant difference between the two. This should not be surprising since the previous results were calculated from molecular nitrogen data taken at fixed photon energies using lamp sources and then dividing those absolute cross sections by two. This estimate of dividing the molecular value by two should become valid with high energy, but as can be seen in Figure 2 , it is still nearly 20% lower 55 eV above threshold. We also note that only one actual measured point at 452.2 eV from Henke et al. (1993) lies within our energy region. The rest are calculated results using dispersion equations, empirical relations to directly relate the incident photon energy with atomic photoabsorption cross section. As a result of the coarse energy grid used by Henke et al. (1993) , none of the resonance structure was observed at the time.
We find a rich resonance structure in our data. In the 408 − 415 eV range, the measured cross section shows several clear resonances due to core-excited autoionizing 1s2s 2 2p 3 np resonances (n = 3 − 5) leading up to the various series limits for the core excitation (Sant'Anna et al. 2011).
These show up in the branching ratios as dips in the N + branching ratio, whereas they tend to appear as peaks in the N 2+ and N 3+ ratios. Interestingly, the branching ratios show an even greater variation than is seen in the cross section. This rapidly varying behavior continues until the photon energy converges to the 3 D o , 3 S o , and 3 P o series limits for the core excitation, above which the behavior is smoother. We note also that the resonances above the 1s-ionization threshold, Our calculated first ionization threshold energy is 407.49 eV, which is 2.15 eV smaller than the experimental value. Similarly, the measured resonance energies lie about 2 eV below our theoretical values. We attribute these differences to missing correlation effects in the calculations. This is not surprising as the configuration interaction method, which is widely used by the community, converges very slowly for neutral atoms, making it very difficult for theory to obtain good agreement with experiment. Another noticeable difference is the strength of the 1s2s 2 2p 3 3p resonance which is higher in our calculations and the energy which is lower. It is interesting that current calculations for cross sections are in the better agreement with the measurements of Henke et al. (1993) . We attribute this to the lack of correlation effects in both works.
Overall, better agreement between theory and experiment for the TIY cross section was found for the R-matrix calculations of Sant'Anna et al. (2011) . However, the approach used there was unable to generate branching ratios, which are important for modeling cosmic plasmas.
Of particular interest is the baseline behavior in the N + and N 2+ branching ratios from threshold to about 435 eV. Over this range the experimental N + branching ratio starts above theory but then decreases into good agreement while the N 2+ measurements start below theory but then increases into good agreement. This behavior is not predicted by our theory and the cause for the discrepancy is unclear. It is unlikely to be due to post-collision interactions (PCIs) which can occur just above a photoionization threshold. Such interactions could prevent a slow photoelectron from actually escaping from the system, thus reducing the N 2+ yield and enhancing the N + yield for the first few eV above an ionization threshold. However, PCI is predicted not to be strong enough to account for the magnitude of the effect seen. Any variation in the partial cross section for L-shell photoionization is also unlikely to be the cause. We are over an order of magnitude in energy above the L-shell ionization threshold and the L-shell partial cross section is predicted to be smooth in this energy range. It seems to us that the more likely cause is variation in the partial cross section for K-shell photoionization due to states which have not been included in the calculations.
Moving on to N 3+ , the branching ratio yield for this ion starts out very low just above the K-edge. At these energies N 3+ forms via the creation of a 1s hole followed by double-Auger decay.
Other processes are even less likely, and also beyond our computational capabilities. The N 3+
branching ratio then begins to increase around 435 eV due primarily to direct double-ionization (K + L) followed by a single-Auger decay. The first resonance in this Rydberg series is located at 436.9 ± 0.1 eV and is predicted by our calculations to be due to the 1s2s 2 2p 2 3p configuration. The series limit is near 444 eV. This resonance can be seen in the total cross section, in the N 3+ branching ratio, to a lesser lesser extent in the N 2+ data, and by a dip in the N + results. Unfortunately, due to the small cross section and the measurement noise levels, we are unable to perform a Rydberg analysis to experimentally determine these ionization thresholds.
For N 3+ , we also find a discrepancy between our experimental and theoretical results. The measured N 3+ branching ratio increases slower than predicted and correspondingly the N 2+ results decrease slower than predicted. We attribute this to the theory which is expected to overestimate double photoionization cross sections at these energies. The shake-off approach utilized here to describe the double photoionization process is valid for sudden changes in the potential of the system. The observed differences between experiment and theory demonstrates that the change of the system charge does not occur quite as quickly at these photon energies as the approach requires.
Looking at all three final charge states produced, we see that eventually the branching ratios and final average charge state all appear to reach asymptotic values at about 470 eV. The only processes which are possible at higher energies, are double-K-shell ionization and direct tripleionization (K + L + L), both of which are expected to be negligibly small.
Comparing to the results of Kaastra & Mewe (1993) we find significant differences in the branching ratios and average final charge state. Given the theoretical calculations that their work is derived from, it is not surprising that they do not include any of the observed resonance structure and energy dependence. These differences remain even where the experimental results appear to have reached their asymptotic limit. Our measured branching ratios are larger than Kaastra & Mewe (1993) for forming N + and smaller for forming N 2+ . Moreover, we find a significant branching ratio for forming N 3+ , a channel which was considered to be closed by Kaastra & Mewe (1993) . Thus it appears that K-shell ionization processes can increase the average charge state of a cosmic plasma faster than is currently predicted by models. Exploring the full astrophysical implications of our experimental findings, which will require implementing our data into various astrophysical models, is beyond the scope of our work here.
Summary
We have reported innershell photoionization measurements and calculations of atomic nitrogen near the 1s-ionization threshold. Significant differences are found with the recommended data currently used by the astrophysics community, particularly for the final charge state distribution.
For example, the branching ratio for N + formation is significant greater than given in the data base and as well as that for N 3+ , a channel which the recommended data predict is closed. These results point out some of the shortcomings in the 40-year-old theoretical data currently available for the CSD due to innershell ionization. Generating the state-of-the-art data necessary in order to more reliable modeling of cosmic sources will require a concerted theoretical and experimental effort covering all systems where a 1s-hole can be formed. Table 2 : Our experimental and theoretical branching ratios for formation of N + , N 2+ , and N 3+ ions, following photoionization of atomic N near the 1s ionization threshold. The estimated combined statistical error and systematic error on the experimental results is 3%, and approximately 50 meV for the photon energy, except for the starred data where the estimated error is 50%.
The theoretical values of Kaastra & Mewe (1993) are included for comparison. the dot-dashed line shows the published theoretical results of Kaastra & Mewe (1993) .
